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Abstract:
The charge conduction properties of a series of iridium-based compounds for phosphorescent organic light-emitting diodes (OLEDs) have been investigated by thin-film transistor (TFT) technique. These compounds include four homoleptic compounds: Ir(ppy) 3 , Ir(piq) 3 , Ir(Tpa-py) 3 , Ir(Cz-py) 3 , and two heteroleptic compounds Ir(Cz-py) 2 (acac) and FIrpic. Ir(ppy) 3 , Ir(piq) 3 and FIrpic are commercially available compounds, while Ir(Tpa-py) 3 , Ir(Cz-py) 3 and Ir(Cz-py) 2 (acac) are specially designed to test their conductivities with respect to the commercial compounds. In neat films, with the exception of FIrpic, all Ir-compounds possess significant hole transporting capabilities, with hole mobilities in the range of about 5 10 -6 to 2 10 -5 cm 2 V -1 s -1 . FIrpic, however, is non-conducting as revealed by TFT measurements.
We further investigate how Ir-compounds modify carrier transport as dopants when they are doped into a phosphorescent host material CBP. The commercial compounds are chosen for the investigation. Small amounts of Ir(ppy) 3 and Ir(piq) 3 (< 10%) behave as hole traps when they are doped into CBP. The hole conduction of the doped CBP films can be reduced by as much as 4 orders of magnitude. Percolating conduction of Ir-compounds occurs when the doping concentrations of the Ircompounds exceed 10%, and the hole mobilities gradually increase as their values reach those of the neat Ir films. In contrast to Ir(ppy) 3 and Ir(piq) 3 , FIrpic does not participate in hole conduction when it is doped into CBP. The hole mobility decreases monotonically as the concentration of FIrpic increases due to the increase of the average charge hopping distance in CBP.
Introduction
Organic light-emitting diodes (OLEDs) are now firmly established as key ingredients in high brightness, sharp contrast, ultra-thin, and light-weight displays [ 3 , Ir(piq) 3 , Ir(Tpa-py) 3 , Ir(Cz-py) 3 , and heteroleptic Ir(Cz-py) 2 (acac) and FIrpic. The chemical structures of all compounds are shown in Fig. 1 . Ir(ppy) 3 , Ir(piq) 3 and FIrpic are commercially available compounds, while Ir(Tpa-py) 3 , Ir(Czpy) 3 and Ir(Cz-py) 2 (acac) are specially designed to test their conductivities with respect to the commercial compounds. Ir(ppy) 3 and Ir(piq) 3 employ phenylpyridines as the hole conducting units. Ir(Cz-py) 3 and Ir(Cz-py) 2 (acac) possess a carbazole moiety while Ir(Tpa-py) 3 a triphenylamine moiety. Hole mobilities of these compounds were evaluated by TFT technique. In addition, we selected three of the commercial materials, namely, Ir(ppy) 3 , Ir(piq) 3 and FIrpic, and doped these Ir compounds into 4,4'-N,N'-dicarbazole-biphenyl (CBP), which is a popular charge transporting host used in phosphorescent OLEDs [14] , and observed how the hole mobilities change as the dopant concentration varies. 5 
Experimental details
Ir(ppy) 3 , Ir(piq) 3 and FIrpic were obtained from Lumtec Inc. and were used as received. Ir(Tpa-py) 3 , Ir(Cz-py) 3 and Ir(Cz-py) 2 (acac) were synthesized and purified according to the procedures outlined in the literature [15] [16] [17] . TFT technique (topcontact configuration) was used to study the hole transporting properties of the neat or doped CBP films [18, 19] . A thermally grown SiO 2 (~300 nm) on a p + Si wafer was used as the substrate. The substrate was cleaned by de-ionized water and acetone followed by UV ozone treatment [20] . Then 100 nm of CBP neat film and doped CBP films were thermally evaporated onto the SiO 2 layer at a base pressure of 10 -6 torr.
The deposition rate was controlled at 0.5Å /s. Following the organic film, the patterned source (S) and drain (D) electrodes consisted of a thin layer (20 nm) of MoO x followed by 100 nm of gold thermally deposited through a shadow mask with channel length (L) and width (W) defined by 50 µm and 9 mm, respectively.
Results and discussions
Fig . 2 shows the TFT output characteristics of the neat films of CBP, Ir(ppy) 3 Ir(piq) 3 , Ir(Tpa-py) 3 , Ir(Cz-py) 3 and Ir(Cz-py) 2 (acac) films at room temperature (292 K). They all have well-defined p-type TFT current-voltage characteristics. A clear linear region and saturation region allow us to apply the following standard expressions to evaluate the hole mobilities [21] .
where W (= 9 mm) and L (= 50 μm) are the channel width and length, respectively; [22, 23] . Besides the 2-phenylpyridine skeleton, carbazole and arylamine should be very good candidates for the hole-transporting enhancement of iridium(III) complexes [24] . Many carbazole moieties are known to transport holes in organic devices, e.g., poly(9-vinylcarbazole) (PVK) is a recognized hole transporter while CBP is described as a more bipolar transporter. As indicated in Fig. 1(d) and (e), we combined the 9-phenylcarbazole unit with the 2-phenylpyridine ligand to synthesize the iridium(III) complexes Ir(Cz-py) 3 and Ir(Cz-py) 2 (acac), according to the previous report [15] . In addition, arylamine units have been extensively used as hole-transporting functional groups in photoelectronic materials, attributable to their electron-donating nitrogen atom [25, 26] . As indicated in Fig. 1(f) , diphenylamine was attached to the phenyl ring of Ir(ppy) 3 to obtain Ir(Tpa-py) 3 following the synthesis method of the published method
[17]. In both homolytic Ir(Cz-py) 3 and Ir(Tpa-py) 3 , their hole mobilities are very similar to Ir(ppy) 3 and Ir(piq) 3 One possibility is that it has stronger ligand field effect than the C-N ligand [27, 28] . The stronger ligand field causes a red-shift of emission spectrum, and may also work as hole trap in the device.
We have also taken the OTFT measurement on a neat FIrpic film. However, In phosphorescent OLEDs, Ir(ppy) 3 , Ir(piq) 3 and FIrpic are the widely used dopants in CBP. So it is interesting to study the transport properties of CBP films doped with Ir(ppy) 3 , Ir(piq) 3 and FIrpic, respectively. Fig. 3 shows, as examples, the effects of the three dopants at a doping concentration of 20% inside CBP. For comparison, we also show the transfer characteristics of the neat films of CBP, Ir(ppy) 3 and Ir(piq) 3 . Transfer characteristics of FIrpic is not available due to its poor hole mobility. Compared to the neat CBP, Ir(ppy) 3 and Ir(piq) 3 films, the output currents I D of 20% Ir(ppy) 3 and Ir(piq) 3 doped in CBP films are substantially reduced. To understand this phenomenon, we look into the HOMO levels of the CBP host and the Ir compounds as shown in Table 1 . We note that the HOMO levels of Ir(ppy) 3 (5.4 eV) and Ir(piq) 3 (5.1 eV) are much smaller than that of CBP (6.0 eV). So Ir(ppy) 3 and Ir(piq) 3 molecules should be the preferential hole residing sites when they are mixed with CBP. In contrast, the HOMO energy for FIrpic (5.8 eV) is comparable to the CBP host. So there is no preference for holes to reside on FIrpic molecules. In fact, in a FIrpic doped CBP film, injected holes may even prefer to transport in CBP molecules as these molecules form a connected network with a much higher hole mobility. We have investigated the DFT and TD-DFT data of Ir(Cz-py) 3 and Ir(Czppy) 2 acac, and thus found that the metal dπ orbitals' contribution to the HOMOs are 24.5% [16] and 37.9% [22] , respectively, which are smaller than other kinds of iridium(III) complexes [23] . So, we think that the hole-transporting nature of carbazole group enhances the conduction of holes.
Besides 20% doping in CBP, we have also attempted a wide range of doping concentrations, e.g. 0%, 0.5%, 10%, 20%, 50% and 100%. In contrast to CBP:Ir(ppy) 3 and CBP:Ir(piq) 3 , the hole mobility of CBP:FIrpic shows a different concentration dependence as shown in Fig. 5 (triangle symbols).
The output current and FET mobility decreases monotonically with the increase in doping concentration. In this case, CBP dominates the hole transport since FIrpic has a negligible hole mobility (extremely poor hole transport property). At a high doping concentration of FIrpic, the average hole hopping distance between adjacent CBP molecules increases and results in a smaller output current and hole mobility.
To check if the hopping distance plays a key role in the conduction of the doped CBP films, we performed the temperature dependence experiment. We employ the Gaussian disorder model (GDM) to analyze our results [32] . In GDM, an amorphous organic material is treated as an ensemble of charge transporting sites for hopping conduction. The carrier mobility is electric field and temperature dependent. It can be described as follows [32] :
F, T, and k are the applied electric field, the absolute temperature and the Boltzmann constant, respectively; μ ∞ is the high temperature limit of mobility, and C is a constant. Eq. (4) where γ is the inverse localization radius, a is the hopping distance and A is a prefactor that can be affected by the phonon frequencies. Asγis primarily determined by the molecular structure, it is reasonable to assume that it is a constant. Therefore, μ ∞ can be taken as a measure of the mean hopping distance in the neat and doped films of CBP. comparison to a neat film of CBP. In this case, the CBP host controls the hole transport, and the FIrpic has little impact on the mean hopping distance. Table 2 11 summarizes the transport parameters of CBP and doped CBP extracted by GDM model using data from Fig. 6 .
Conclusion
We study the hole transporting properties of phosphorescent iridium-based molecules in neat films and as dopants in a CBP host. HOMO (eV) 5.4 [6] 5.1 [6] 4.9 [15] 5.0 [22] 5.0 [17] 5.8 [6] 6.0 [7] a (nm) 0.9 1.7 1.8 Table. 2.Transport parameters of CBP and doped CBP estimated from Fig. 6 and Eq.(4).
